Synopsis. Pinnipeds and seabirds feed at sea, but are tied to shore to rear their young. Such a fundamental life history constraint should lead to convergent adaptations in for? aging and reproductive ecology. However, intrinsic differences in mammalian and avian reproductive biology may limit the potential for convergence. In this paper I examine both reproductive and foraging energetics of pinnipeds and seabirds. This is done in an attempt to identify traits that might be considered convergent adaptations to life in the marine environment and to show how divergent life history patterns are optimal for different reasons. From this analysis we find that seabirds invest a greater total amount of energy and protein into the offspring than pinnipeds, but this comes at the cost of making more trips to sea. Whereas pinnipeds forage in a manner more consistent with the predictions of central place foraging theory and exhibit a greater ability to compensate to the shortened breeding season typical of high latitude environments. 1987). In this paper I will deal only with the Otariidae, the eared seals (seal lions and fur seals), and the Phocidae, or earless seals ("true seals"). In both groups, young are conceived during the previous repro? ductive season and the embryo undergoes a period of delayed implantation that usu?
Introduction
Having secondarily returned to the marine habitat, seabirds and pinnipeds face similar constraints on provisioning their young.
Since initially their offspring can? not follow them to sea, the parents must leave their young ashore while they feed at sea. Given Most phocid mothers give birth to a pup and stay onshore continu?
ously, suckling the pup until weaning. Dur?
ing lactation the mother does not feed and milk is produced from body reserves stored prior to parturition. Weaning is abrupt and occurs after a minimum of 4 days of nursing (in the hooded seal, Bowen et al, 1985) to a maximum of approximately 5 weeks (in the Weddell seal, Kaufman et al, 1975) . In many species the pup remains on or near the rookery fasting until it develops its feeding and diving skills. In contrast to phocids, otariid mothers remain with their pups only during the first week following parturition. After this ini? tial perinatal period the female returns to sea to feed, intermittently returning to suckle her pup onshore.
Depending on the species, the mother spends between 1 and 7 days feeding at sea, then returns to her pup, which has been fasting onshore, and suckles it for 1 to 3 days. This period of intermittent onshore suckling and offshore feeding lasts from a minimum of 4 months in the polar fur seals (Antarctic, Arctocephalus gazella, and Northern, Callorhinus ursinus) to up to 3 years in the equatorial Gala?
pagos fur seal (A. galapagoensis) (Gentry et al, 1986a) . The remaining otariids are temperate and, in these species, pups are usually weaned within a year of birth. In all pinniped species, male parental invest? ment is non-existent and twins are exceptionally rare. In comparison to pinnipeds, avian young are conceived during the reproductive sea? son, after a short courtship period. In penguins the female produces an egg within 2 to 3 weeks of copulation.
The female then goes to sea to feed while the male takes the first incubation shift (see Croxall, 1984 for review). The emperor penguin, Aptenodytes forsteri, is an extreme case where the male is responsible for the entire incubation period (Stonehouse, 1953 (Costa and Croxall, 1988) . In this method milk water intake is measured from the difference between total water influx determined with labeled water and the oxidative water produced from the pup's maintenance metabolism.
Milk con?
sumption is then calculated from the milk water content.
This procedure requires that the pup obtain all of its exogenous water from its mother's milk. In all of the above studies, other water sources were negligible. Furthermore, validation studies have found no significant difference between measured amounts of milk fed to 8 northern fur seal pups and that estimated from the isotope water dilution method (Costa, 1987) .
Energy provisioning as a function of adult mass
One problem with comparisons of energy intake is the influence of body size as a variable (Calder, 1984 Calder, 1984) . Assuming that gut capacity is a func? tion of gut mass, it follows that peak prey energy delivery to the chick should scale directly with adult body mass. Another important variable is the energy density of the prey and this will be discussed later. In contrast to seabirds there is no cor? relation between energy delivery per visit and body mass in otariids (r = 0.535,n = 4, P > 0.1), but there is an excellent cor? relation with body mass and energy deliv? ery in phocids (r = 0.924, n = 5, P < 0.05).
However, these phocid seals make only one trip onshore to suckle their pups, thus the energy delivered in one trip is also the total energy invested in the offspring. There?
fore, for some phocids we can also conclude that the total energy invested in the offspring is highly correlated with adult female body mass. Unlike the energy deliv? ery per trip, the total energy invested over the entire lactation interval scales with body mass for otariids as well as for phocids.
Energy provisioning and trip duration
If body mass does not predict energy delivery per feeding visit to the offspring in otariids, then some other variable such as trip duration may. After normalizing the data for differences in parental body mass a correlation exists between trip duration and energy delivery per trip for otariid mothers (r = 0.934, n = 4, P < 0.10), but not for seabirds or phocids (penguins: r = 0.407, n = 8, P > 0.10) (Fig. 2) . The relationship between trip duration and energy delivery for otariids is consis? tent with the predictions of central place foraging theory (Orians and Pearson, 1977) . This theory predicts the optimal behavior of animals foraging at varying dis? tances from a central place, such as a nest or rookery.
For example, when foraging a long distance from the rookery a parent should make few trips of long duration and return with a greater quantity of energy per trip. In contrast, parents feeding close to the rookery (nearshore) should make many short trips, with a comparatively lower energy return per trip. This is con? sistent with the pinniped data plotted in Figure 2 . Otariids like the Steller sea lion, make trips of relatively short duration (36 hr), feed nearshore and thus travel short distances to the feeding grounds, whereas northern fur seals feed 100 km offshore (Table  la) . Such optimization of for?
aging behavior is also consistent with the proximity ofthe phocid data to the extrapolated otariid regression line (Fig. 2 ). In this case phocid seals are an extreme exam-ple of an offshore feeder or a predator that feeds on a highly dispersed prey resource, where the optimal solution is to make only one trip per reproductive event. Thus these phocids have essentially separated feeding from onshore lactation. This has the advantage that phocid seals are not limited by the amount of time it takes to get to the foraging grounds or how long they may remain once they find an optimal patch. It may be that the increased food intake of lactating fur seals (and probably otariids in general) can only be sustained in the highly productive waters characteristic of upwelling environments. The lack of a truly tropical otariid or pen? guin may be related to the lower produc? tion of these warmer waters. The Gala?
pagos fur seal and Galapagos penguin are not truly tropical species since they exist in a highly productive equatorial upwelling region.
In contrast, laysan albatrosses and monk seals do exist in a truly tropical, warm water, non-upwelling environment. It may be that otariids and penguins have a repro? ductive pattern that is optimal for prey that is concentrated and predictable, whereas phocids and albatrosses may have a repro? ductive pattern that is better suited for prey that is dispersed and unpredictable. It is the long distance foraging ability of phocid seals and albatrosses that may allow them to utilize a more dispersed food base.
In this respect it is the albatrosses' great aerial ability that enables them to cover thousands of square kilometers of feeding habitat in a short time, and then return to the chick. Whereas, the inability of phocids to cover great distances quickly may have forced them to forgo alternating between feeding and suckling the young onshore. Instead phocids may rely on the separation of feeding from lactation to allow them to utilize a highly dispersed food resource. Similarly, increases in the energy density of the material fed to the young occurs in the smaller procellariforms by the production of stomach lipids. The high energy density of pinniped milk is due to the milk's higher lipid content (Bonner, 1984; Oftedal etal, 1987a) . How? ever, since there is no corresponding increase in the protein or other compo? nents of the milk, the protein to energy ratio of pinniped milk is lowest in the most energy dense milk (Fig. 3 ). This implies that pinniped young have less protein avail? able to them than seabird chicks. It has been suggested that the energy rich stomach oil of procellariform birds is a method of concentrating the energy con? tent ofthe material fed to the chick. How? ever, this may only be of importance to the smaller procelliforms. Prince (1980) found that in gray headed and black browed alba? trosses the liquid fraction of the diet fed to chicks in many cases is low in lipid and thus may be energetically unimportant. Furthermore, lipid content is related to the diet and the duration of the foraging trip (Prince, 1980 (Clarke, 1980) . albatross chicks (Prince, 1980 (Prince, , 1985 . Furthermore, interspecific differences in growth rate have both a dietary and genetic basis as determined by chick cross fostering experiments (Ricketts and Prince, 1981) .
Advantages of mammalian lactation

Variations in milk composition
In contrast to seabirds, pinnipeds are able to optimize food delivery to their young, in a manner consistent with the predictions of central place foraging theory by adjusting milk composition in response to differ? ences in trip duration.
Lipid and therefore energy content of the milk of otariids has been shown to increase as trip duration increases (Trillmich and Lechner, 1986 Such a pattern has only been described for otariids, however, data for phocid seals can be included if we consider that they are making one extremely long foraging trip. Incorporating phocid milk composition data and a larger data set for otariids we find species that make short foraging trips have lipid-poor milk (low energy density), whereas species that make long foraging trips produce lipid-rich milk (high energy density) (Fig. 4) . It is likely that phocid milk is as lipid rich as is possible and that an asymptote is reached between milk fat content and trip duration. (Fig. 5) . Notice that the hooded seal with the shortest lactation interval has the highest milk fat content of any pinniped (Oftedal et al, 1988 ) and that the milk fat content ofthe two polar otariids (Antarctic and northern fur seals) have milk fat con? tents that are almost equivalent to phocid levels. However, this relationship is not lin? ear and other factors may become impor? tant as time available for suckling increases.
The increased energy density of pinni? ped milk does have a tradeoff in that it may limit the amount of protein or other essen? tial nutrients available to the offspring. This is because the increased energy content of pinniped milk is achieved by increases in milk lipid content with negligible changes in its protein content.
Thus the young are provided with more than enough energy to fuel metabolism, but may be limited in their ability to grow. In fact, 
. The total protein invested by the parent(s) into the offspring is plotted as a function of adult body mass in penguins (open circles) or maternal mass in otariids (open triangles) and phocids (solid triangles). The single regression line is the least squares linear fit for the otariid data.
(10-11 months), the energy invested per kg of maternal body mass is quite similar (Fig. 8) ). If larger ani? mals can dive deeper than smaller animals it is interesting that so many pinnipeds, which are larger than penguins, dive to such shallow depths (Fig. 9) .
One might expect Antarctic fur seals to be capable of reaching the depths achieved by the similar sized northern fur seal. This implies that in some cases diving animals may rarely reach their potential maximum diving depth. Obviously a variety of factors regarding prey type, including behavior, energy content and size, influence the cost and benefit of pursuing prey at different depths.
A complete analysis of foraging behavior requires an examination of diving behavior as a function of prey type. Data of this type are available for a few species, but they suggest that otariids and penguins exhibit strikingly similar foraging behaviors, which will be discussed below. ried out on Antarctic fur seals (Croxall et al, 1985) . These investigators found that fur seals made most (75%) of their dives at night and that these dives were consistently shallower (dive depth <30 m) than dives during the daytime (mostly 40-75 m). This pattern closely followed the vertical distri? bution of krill, which during daylight hours was below a depth of 50 m and was present at night in substantial quantities above 50 m. Furthermore, they found that even though more than 40% of the krill was below 75 m depth at any time of day, fur seal dives seldom (3%) exceeded this depth.
Single species krill predators
They concluded that krill are captured only from shallow waters, since this is when they are most efficiently consumed.
Less com?
plete data available for other krill preda-tors such as macaroni, chinstrap and gentoo penguins suggest that the same pattern exists for them as well (Croxall et al, 19886) . A possible exception is the crabeater seal, which apparently pursues krill deeper (Bengston, unpublished data). However, this may not be unexpected given the greater diving capability of phocid seals (Fig. 9) . Further data on gentoo penguins sup? port the concept that it is only economical to forage upon krill when they are shallow. When preying upon fish, 59% of their dives were to 54-136 m, whereas when preying upon krill 77% of their dives were shallower than 54 m (Croxall et al, 19886) . Gen? too penguins could pursue krill to deeper depths, but they apparently choose not to.
Such a pattern indicates that prey type influences foraging efficiency. The major differences between fish as a prey resource and krill is that fish are larger. Croxall et al. (19886) Finally, analogous to gentoo penguins, northern fur seals pursue fish, with 4 times the energy value of squid, to considerably deeper depths than when diving for squid (Costa, 1988) . A summary ofthe data avail- able on prey type and dive depth are summarized in Table 3 (Kooyman et al, 1980) . A diagram of these diving patterns suggests that shallow dives use relatively little time in transit, which leaves proportionately more time to search for or pursue prey (Fig. 10A) . Alternatively, as a deep diver spends relatively more time in transit getting to the foraging depth, it has proportionately less time remaining to search for or pursue prey, and fewer prey can be obtained per dive. Given that the same amount of time is spent per dive it would be prudent to always pur? sue prey of greater size and energy con? tent. Likewise, if dives are of the same duration and catch rate, but result in the capture of prey with different energy con? tents, more dives would be required when pursuing the prey of lower energy content. One could also use an argument that is similar to central place foraging theory, where the central place is the surface of the water. Shallow dives have short transit times thus suggesting that the optimal solu? tion is to make many short dives with a lower premium on energy return per dive. For deep dives where transit time is long, few dives of long duration with a high energy return per dive would be favored. An additional model again holds the oxygen stores as constant but proposes that the rate of oxygen utilization is a function of the animal's swimming or search and pursuit speed (Fig. 10B) 
Foraging Energetics
The preceding discussion on foraging behavior of penguins and pinnipeds sug? gests that these predators face similar con? straints. In this section I will examine how these predators compare with respect to the metabolic expenditure associated with foraging. Given the different foraging behaviors listed above it is likely that each dive pattern is associated with a different cost (Costa, 1988 ). Unfortunately data are not yet available for phocid seals. Of interest is the observation that the metabolic rates of swimming and diving penguins and fur seals and sea lions are more similar to each other than to those of soaring and gliding alba? trosses (Fig. 11) . This is a striking example of the low cost of dynamic soaring flight (Costa and Prince, 1987) compared to the high cost of swimming and diving, at least for the species studied to date. Also these data show that like foraging behavior, the energy expenditure while at sea is surprisingly similar for penguins, fur seals and sea lions. The slightly elevated metabolic rate of birds is to be expected since they nor? mally sustain higher metabolic rates than mammals (Bartholomew, 1982) .
Summary and Conclusions
Given the similarities and differences between pinniped and seabird (penguins and albatrosses) reproductive energetics and behavior, the goal of present investi?
gations is to show how divergent life his? tory patterns are optimal for different rea? sons. For example, absolute differences in body size may have a profound influence on the pattern that produces optimal results. Larger animals have greater energy reserves, which are used at a slower rate (Calder, 1984) . In this context penguins are smaller than pinnipeds with the largest, the 32 kg emperor penguin, just overlap? ping the mass of the smallest pinniped, the 27 kg Galapagos fur seal. Another potential difference between these groups is in their tolerance to vari? ations in food supply. Croxall 
